Phospholipases A2 (PLA 2 s) comprise a superfamily of glycerophospholipids hydrolyzing enzymes present in many organisms in nature, whose catalytic activity was majorly unveiled by analysis of snake venoms. The latter have pharmaceutical and biotechnological interests and can be divided into different functional sub-classes. Our goal was to identify important residues and their relation to the functional and class-specific characteristics in the PLA 2 s family with special emphasis on snake venom PLA 2 s (svPLA 2 s). We identified such residues by conservation analysis and decomposition of residue coevolution networks (DRCN), annotated the results based on the available literature on PLA 2 s, structural analysis and molecular dynamics simulations, and related the results to the phylogenetic distribution of these proteins. A filtered alignment of PLA 2 s revealed 14 highly conserved positions and 3 sets of coevolved residues, which were annotated according to their structural or functional role. These residues are mostly involved in ligand binding and catalysis, calcium-binding, the formation of disulfide bridges and a hydrophobic cluster close to the binding site. An independent validation of the inference of structure-function relationships from our co-evolution analysis on the svPLA2s family was obtained by the analysis of the pattern of selection acting on the Viperidae and Elapidae lineages. Additionally, a molecular dynamics simulation on the Lys49 PLA 2 from Agkistrodon contortrix laticinctus was carried out to further investigate the correlation of the Lys49-Glu69 pair. Our results suggest this configuration can result in a novel conformation where the binding cavity collapses due to the approximation of two loops caused by a strong salt bridge between Glu69 and Arg34. Finally, phylogenetic analysis indicated a correlation between the presence of residues in the coevolved sets found in this analysis and the clade localization. The results provide a guide for important positions in the family of PLA 2 s, and potential new objects of investigation.
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Introduction
Phospholipase A2 (PLA 2 s) enzymes catalyze the Ca 2þ dependent hydrolysis of 2-acyl ester bonds of 3-sn-phospholipids, releasing fatty acids and lysophospholipids (Yu et al., 1993) . In addition to their role in the metabolism of the cell membrane, these enzymes are involved in the production of arachidonic acid (AA), a precursor of bioactive lipids, such as prostaglandins, leukotrienes and thromboxanes, which can participate in a variety of biological functions such as sleep regulation, immune response, inflammation, etc. (Calder, 2001; Ricciotti and FitzGerald, 2011; Lone and Task en, 2013) . Furthermore, the activity of PLA 2 s also results in pathological and pharmacological effects after inoculation by venomous animals (Burke and Dennis, 2009; Teixeira et al., 2011; Silveira et al., 2013) . Snakes from Bothrops, Crotalus, Lachesis and Micrurus genera present PLA 2 s as venom components and continue to be of major importance for offidic accidents in Brazil (Chippaux, 2015) . Venoms from Bothrops snakes contain several PLA 2 s, including inactive Lys49 PLA2s (Guti errez and Lomonte, 1995) capable of triggering strong cellular lesions described in myotoxicity processes. A recent study has observed a strict relation between the inhibition of PLA 2 activity in Bothrops venom and its myotoxicity but not with neuromuscular blockade, proposing that neuromuscular blockade may be induced by non-catalytic PLA 2 or other venom components, such as metalloproteinases (Schezaro-Ramos et al., 2017) . Indeed, depending on its subfamily (e.g.: D49 or K49), svPLA 2 enzymes can have a role in myotoxic or neurotoxic effects to different extents and by distinct molecular mechanisms. For instance, working with Bothrops myotoxins Mt-I and Mt-II, Fern andez et al. (2013) have showed that both svPLA 2 induce Ca 2 ⁺ entry and release of ATP and cause myonecrosis, but through different hydrolysis profiles of phospholipid from the external monolayer of the sarcolemma. Moreover, there is continued indication in the literature that some svPLA 2 s induce regulated ATP release (see Zhang et al., 2017 for a recent report). This effect is coupled to other hypotensive, paralyzing and anti-coagulant effects of envenoming thorough the action of nucleotidases from the venom that release adenosine (along with ADP and AMP) at the inoculation site (Cintra-Francischinelli et al., 2010) . Specific antibodies binding to distinct parts of the svPLA2 molecules may be the key to dissecate how pharmacological properties are distributes on the enzyme structure (Prado et al., 2016) . The conserved tertiary structure of PLA 2 s consists of two antiparallel a-helices (helices 2 and 3) with amphipathic characteristics, in which the hydrophilic residues are solvent exposed and the hydrophobic residues are internalized (Fig. 1) . The exceptions are the polar residues of the active site that are situated in the interior of these two a-helices. The PLA2 also presents a a-helical N-terminus (residues 1 to 12) and a short helix formed by residues 18e23. A calcium binding loop lies between residues 25e34, followed by a-helix 2 (residues 40e55) which binds to a curved antiparallel beta sheet (b-wing or wing-b) (residues 75 and 82e84).
Following the b-wing region is a-helix 3 (residues 90e107), which binds to a very flexible region, the C-terminal loop (residues 108e113). Class I and Class II PLA 2 s differ on one of the seven disulfide bonds (Cys11-Cys77 for Class I, Cys51-Cys133 for Class II) and an insertion in region 52e65 for Class I proteins, called the elapid loop, while Class II have five to seven additional residues in the C-terminal (Renetseder et al., 1985; Arni and Ward, 1996) .
Snake venom PLA2 (svPLA2) enzymes have low molecular weight (~14 kDa) and have a very rigid tertiary structure due to their disulfide bonds, which provide stability against proteolysis and resistance against denaturation. svPLA2s are usually classified in groups IA, IIB, IIC, III, IX, X, XIA, XIB, XII, XIII and XIV (Schaloske and Dennis, 2006) . Six distinct secreted PLA2s (sPLA2s) have been identified in humans and classified into groups IB, IIA, IID, IIE, V and X, depending on the primary structure characterization by the number and position of their cysteine residues (Six and Dennis, 2000) . As opposed to those in humans, svPLA2s generally have cytotoxic characteristics (Soares and Giglio, 2003) . Sapirstein et al. (1996) proposed that PLA 2 s may be involved in oncosis (a form of necrosis) after observing that cells with high concentration of PLA 2 s have strong susceptibility to toxicity by H 2 O 2 (hydrogen peroxide).
It has been proposed that the wide variety of PLA 2 s isoforms and their corresponding diverse pharmacological activities is related to an accelerated evolution, mainly associated with the exposed parts of these proteins, enabling the development of new roles for PLA 2 s (Kini and Chan, 1999; Zuliani et al., 2005; Lynch, 2007) . It is remarkable that a great variety of biological functions can be coded in such a small protein domain (only about 100 residues), suggesting that the active site and other functional sites of PLA 2 s must have evolved under strict selective pressure. Recently, a discussion about structural and evolutionary insights into endogenous alphaphospholipase A2 inhibitors concluded that the surfaces of acid and basic svPLA 2 s have different membrane interaction sites at their carboxy-terminal region (Estevão-Costa et al., 2016) . Strengthening the importance of new studies associated with the evolutionary divergence between these enzymes.
Residue correlation in protein families are the result of different effects which are hard to disentangle. Co-evolution due to contacts, for instance, is instrumental for structural bioinformatics. Correlation can also be the result of functional constraints, when sets of residues are simultaneously present in a sub-set of the protein family for being related to a given characteristic. Finally, correlation can also arise simply due to phylogeny (Gouveia-Oliveira and Pedersen, 2007) , which, usually, does not yield insights about protein structure or function. Coevolution analysis can be used to detect sub-class determinants in protein families, i.e., sets of residues related to a given structural/functional characteristic in a protein family sub-set (Bleicher et al., 2011) . Here, we apply this method to identify such residue sets in the family of PLA 2 s enzymes, in an attempt to understand how those residues are related to the structure, function and evolution of these important components of snake venoms.
Material and methods

Protein sequences and multiple sequence alignment -(MSA)
A multiple sequence alignment for the PLA2 protein family (Pfam code: PF00068) was obtained by downloading all phospholipase A2 sequences from Uniprot which presented experimental evidence of transcription, aligning them using the family HMM from the Pfam database (http://www.pfam.org/) and then subjecting the aligned sequences to two filtering procedures. First, in order to remove possible fragments, each sequence in the alignment was compared to bovine Phospholipase A2 (Uniprot: PA21B_BOVIN) as a reference sequence. Sequences with fewer than 80% alignment coverage were removed from the alignment. Then, in order to reduce the phylogenetic bias all remaining sequences were compared to each other, and whenever two sequences shared higher than 80% identity, one of them was removed. The final alignment contained 751 sequences. The software package PFstats (Bleicher et al., 2011) was used for all procedures involving alignment filtering (pre-processing), conservation and correlation calculations (see below).
Conservation and correlation analysis
Residue-position pairs were considered to be correlated if they passed the following thresholds: the correlation score (Bleicher et al., 2011) absolute value was higher than 10 (i.e., the p-value associated with the shift in frequency is lower than 10 À10 ); the presence of one amino acid residue position (e.g., H33) must imply in a resulting frequency for the other residue-position (e.g., L28) of at least 80% in case of correlation or at most 20% in case of anticorrelation; and both positions must be present in at least 20% of the sequences, as determined by the procedure described in (Dima and Thirumalai, 2006) . A correlation network/graph was built by defining nodes/vertices as residue-position pairs and connections/ edges being present when the thresholds above are met. This network was decomposed by detecting connected components (Bleicher et al., 2011) .
Phylogenetic analysis
For the phylogenetic analysis the evolutionary model was determined using the tool ProtTest (Abascal et al., 2005) , using the maximum likelihood method performed by PhyML (Guindon and Gascuel, 2003) . The WAG model (Whelan and Goldman, 2001 ), which has wider application for analysis of protein sequences, was proposed by the Datamonkey Adaptive Evolution Server (Delport et al., 2010) . Branch support consistencies were evaluated using the nonparametric bootstrap test (Felsenstein, 1985) with 250 replicates and the approximate likelihood ratio test (aLRT) (Anisimova and Gascuel, 2006) . Finally the tree was edited using FigTree (Suchard and Rambaut, 2009 ) v1.4 (http://tree.bio.ed.ac.uk/ ).
Selection pattern analysis
From each Uniprot entry used in our analysis, we obtained its corresponding codifying DNA sequences from the Genbank. These nucleotide sequences were then aligned using PAL2NAL (Suyama et al., 2006) , using our protein sequence alignment as a guide to ensure the reading frame correctness throughout the alignment. We could then generate two sub-alignments, one with sequences for Viperidae and the other for Elapidea, in order to analyze the pattern of selection acting on PLA 2 s from these two taxa. The coding DNA sequences produced as described above were analyzed by the Fast Unconstrained Bayesian AppRoximation (FUBAR) method (Murrell et al., 2013) implemented on the DataMonkey server (https://www.datamonkey.org).
Sequence and structure representation
The Renetseder et al. numbering system (Renetseder et al., 1985) was used throughout the text unless otherwise noted. Structure images were produced using Pymol. The multiple sequence alignment shown in Fig. 2 was composed using Texshade (Beitz, 2000) .
Molecular modeling
In order to assess the effects of the alternative configurations for proteins containing lysines and arginines in position 49, we have modeled two of such configurations and subjected then to molecular dynamics simulations. The first model consists of introducing three point mutations (Val6, Arg30 and Ile103) into the Arg49 phospholipase A2 homologue from Zhaoermia mangshanensis (PDB: 2PH4) in order to reproduce the correlation pattern for Arg49 PLA2s shown in Fig. 5 . The second model consists of introducing an Glu69 point mutation into the Lys49 phospholipase A2 from Agkistrodon contortrix laticinctus (PDB: 1S8I). Each construct was built using Modeller (Sali and Blundell, 1993) , by generating one hundred models, selecting that with the lowest energy (Modeller's objective function combining potential energy and satisfaction of restraints) and checking for Ramachandran's plot outliers.
The two models were then subjected to molecular dynamics using the following protocol: after insertion into a water box (ensuring at least 10 Å of water on each direction from the proteins atoms) and addition of Chloride ions up to overall charge neutrality, the system was minimized by conjugate gradient (10k steps). After an equilibration phase of 50 ps, the system was simulated for 10 ns (2fs timestep) as an NPT ensemble, with pressure kept at 1 atm using a langevin piston, and 298 K as the running temperature. Simulations were run using the CHARMM36 potential (Brooks et al., 2010) and the NAMD package (Nelson et al., 1996) .
Results and discussion
Residue conservation
Fourteen residues were found to be present in more than 90% of the sequences in the final alignment: Tyr25, Gly26, Cys27, Cys29, Asp39, Asp42, Cys45, Cys51, Tyr73, Cys84, Cys91, Cys96, Cys98 and Asp99. The location of such residues in the primary structure of representative PLA2s can be seen in Fig. 2 . His48, Tyr52 and Asp99 form the active site. Tyr25 makes a hydrogen bond to Asp39, and is also involved in a pi-stacking interaction with position 111, which presents either a tyrosine or a phenylalanine in more than 80% of the sequences. The other conserved tyrosine, Tyr73, is also involved with an aromatic-aromatic interaction with position 75, which presents tyrosines, phenylalanines or tryptophans in 83% of the sequences, and is known to be important for structure and conformational stability (Dupureur et al., 1992) . The conserved cysteines are all involved in disulfide bridges: Cys29-Cys45, Cys51-Cys98 and Cys84-Cys96.
The role of the conserved glycines is clearly structural, with a geometry that could not be achieved with any other residues: their torsion angles are outside the favored regions in a non-glycine Ramachandran plot. One of those glycines (Gly26), when mutated in the human membrane-associated PLA 2 (Uniprot: PA2G5_HU-MAN), is associated with fleck retina (Sergouniotis et al., 2011) . PLA2s present a calcium binding loop which stabilizes the reactive intermediate (Arni and Ward, 1996) , and its complete definition, which encompasses residues 25e42, includes both highly conserved glycines and also Pro37, Asp39 and Asp42. While some of the residues in the 25e42 region are not in direct contact with calcium, they maintain its characteristic structure in the outer shells of metal coordination by means of a network of polar interactions involving most residues in this region.
Sets of correlated residues
Three sets of correlated residues were found, as shown in Fig. 3 , and their three-dimensional locations are shown in Fig. 4 . The first set of correlated residues consists of Gly30, Gly32, Cys44, Asp49, Cys105, and His48. Most of those residues are highly prevalent among PLA 2 s, as the histidine is one of the residues involved in catalysis. The presence of catalytic residues as a correlated set is a straightforward expectation for a protein family, where there are inactive members e if a set of residues is needed for catalysis, the loss of one of them will cause the protein to become inactive, therefore removing the selection pressure on the remaining catalytic residues. In the long term, this results in a protein family where proteins either have all the key residues for activity, or very few, if any, of them, as a result of sufficient time where the selection pressure to keep the catalytic residues was no higher than to keep any other residue in the protein.
The two glycines (Gly30 and Gly32), as those found among highly conserved residues, have torsion angles which are incompatible with other residues, and they are calcium-contacting residues in the calcium binding loop which stabilizes the reactive intermediate (Arni and Ward, 1996) . The cysteines (Cys44 and Cys105) form a disulfide bridge connecting helices C and E, which are those on which the catalytic residues are located. NMR and kinetics experiments on bovine PLA2 mutants, where disulfide bridges have been removed by Cys/Ala mutations, have shown (Renetseder et al., 1985) , while other well-studied mammal and svPLA2s are included (sequences 2e12), as well as sequences from three sea anemone species (13e15) and one from the tunicate Oikopleura dioica. Acidic residues are shown in red, aliphatic in black (small aliphatic in grey), amide in green, aromatic in brown, basic in blue, hydroxyl in pink, imino in orange and sulfur-containing in yellow. Secondary structure is shown above the sequences (red coils for helices, blue arrows for sheets), and the calcium-binding motif is marked with a green band below the sequences. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) that, without the Cys44-Cys105 disulfide bridge (Cys43-Cys97 in human PA2GA), the resulting protein has a distinct conformation when compared to wild-type, a considerable change in the denaturation free energy (a 3.4 kcal/mol decrease in DG d H2O ), as well as modestly compromised kinetics (a lower k cat,app by a factor of 8 and K m,app 1.5 times higher than WT). Asp49 is essential for catalysis, given that it is needed for calcium binding, without which the reaction intermediate cannot be stabilized.
The second set contains Phe5, Ala102 and Phe106, the highly conserved hydrophobic cluster in the substrate binding site of Asp49-PLA 2 s found in snake venoms (Ward et al., 1998) , which has been thoroughly studied by site-directed mutagenesis and shown to affect T m , myotoxicity, protein-induced release of a liposomeentrapped marker and membrane-damaging activity (S a et al., 2004) . Phe5 has been previously described as an invariant residue (Van Scharrenburg et al., 1982) , until the discovery of Lys49 PLA 2 s and the subsequent finding that, for these PLA 2 s the complete motif is mutated (Ward et al., 1998) . However, differences can also be . Conserved and coevolved residues as seen in a PLA 2 enzyme three dimensional structure. A: Residues presenting higher than 90% conservation (Tyr25, Gly26, Cys27, Cys29, Gly35, Pro37, Asp39, Asp42, Cys45, Cys51, Tyr73, Cys84, Cys91, Cys96, Cys98 and Asp99) are shown as sticks, backbone is colored by overall conservation (red: more conserved, blue: less conserved). B: Coevolved set 1. C: Coevolved set 2. D: Coevolved set 3 (Cys11, Cys77). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
found in Asp49 PLA 2 s, including a few from venoms such as T1DJY9 from the timber rattlesnake (Crotalus horridus), PA2BC from the South American rattlesnake (C. durissus terrificus), PA21 from the carpet viper (Echis coloratus), Pla2g2gC1 from the Eastern diamondback rattlesnake (C. adamanteus), or PA2A from B. neuwiedi pauloensis. It has been noted that this triad and the Lys49-PLA 2 s equivalent Leu5/Val102/Leu106 share virtually identical volumes, but results in altered topology, which has implications to the diversity of biological activities found in svPLA 2 s (Chioato and Ward, 2003) . Structural comparison showed that phenylalanines in positions 5 and 106 optimizes packing against the indole ring of an inhibitor, while leucines would not show the same effect (Pan et al., 2002) . Both amino acid changes required for the conversion between the two triads (Phe/Leu and Ala/Val) are possible with a single nucleotide mutation. Finally, the third set is a pair of cysteines: the Cys11-Cys77 disulfide bridge related to class I PLA2s (Arni and Ward, 1996) . This disulfide bridge connects the b-wing to the N-terminal a-helix.
Among all seven disulfide bridges found in bovine PLA2, Cys11-Cys77 is the most important for conformational stability (Zhu et al., 1995) , its disruption having an even greater effect then that of the aforementioned Cys44-Cys105 disulfide bridge, probably because it is the single stabilizing interaction involving the N-terminal and the b-wing. The fact that such important structural motif emerges as a correlated set rather than a highly conserved pair of residues (the two cysteines are present in only about 40% of the protein sequences) is because this disulfide is prevalent in Class I PLA 2 s only, while in other PLA2s a salt bridge is usually responsible for b-wing stabilization (Renetseder et al., 1985) .
The 49 position
PLA2s have been classified according to the identity of its 49 position. While Asp49 PLA2s are more common (76% of the sequences in the final filtered alignment) and this position coevolves with other residues in the first set described previously, the number of PLA 2 s with other residues in that position is so small that it does not pass the threshold value for correlation score calculation. Aside from Lys49 PLA 2 s (9%) and Arg49 (4%), there are also a small number of sequences from the less common subgroups Ser49, Asn49 and Gln49. Given the importance of position 49 for phospholipase classification, we have also investigated the relation between these residue possibilities and other positions, which is shown in Fig. 5 .
It can be seen that the presence of an arginine or lysine in position 49 (but not serines, asparagines nor glutamines) does indeed result in an increase of frequency for specific residues in nearby positions (Fig. 5) , although not to very high values (all around 60%). Even though it was initially proposed that Lys49 PLA 2 s could have catalytic activity, that was not supported by further experiments with recombinant enzyme, which failed to present activity (Núñez et al., 2001; Ward et al., 2002; Lomonte et al., 2003) . They do, however, present myotoxic and membrane damaging activity, proposed to be related to a conserved pattern in their C-terminal (Ambrosio et al., 2005) .
The Lys49-Glu69 correlation would suggest the formation of a salt bridge between such residues, which would also be incompatible with calcium binding. Unfortunately, no x-ray structure is available yet for any PLA 2 s presenting a Lys49-Glu69 pair, and not even functional studies e the proposed mechanism for Lys49 PLA 2 function was based on a protein from Agkistrodon contortrix laticinctus (Ambrosio et al., 2005) , which presents another lysine in position 69. In order to assess the structural implications of a Lys49-Glu69 configuration, we built such model starting from this protein and mutating its lysine in position 69 to a glutamate, and the model was submitted to molecular dynamics. Our simulation indicates that there is no direct salt bridge between these two residues e the presence of a lysine in position 49 with a glutamate in position 69 would actually result in a salt bridge involving Glu69 and Arg34. This interaction results in a considerable conformational change in the binding site region due to the loops approximation, as seen in Fig. 6 . This results in a complete obstruction of the ligand binding cavity found both in active and inactive PLA 2 s: the A. contortris laticinctus phospholipase itself presents a ligand bound structure (PDB code: 1S8G). This suggests that Lys49/Glu69 PLA 2 s can have a very different behavior when compared to active or even regular Lys49-PLA 2 s, as ligand binding would probably be compromised in this site.
No such effects were observed for the construction containing Arg49, Val6, Arg30 and Ile103: throughout the simulation, the structure was similar to the Arg49 phospholipase it was modeled upon.
Interestingly, there is very poor correlation between Lys49 and the "Lys49-PLA 2 hydrophobic triad" Leu5/Val102/Leu106. The presence of lysines in position 49 increases the frequencies of the other three residues only limitedly and the correlation between the triad itself is not particularly strong either, meaning that the Leu5/ Val102/Leu106 triad is neither a specific characteristic of Lys49 PLA 2 s nor a recurrent motif such as the highly correlated Phe5/ Ala102/Phe106 triad, which forms a coevolved set (see Table 1 ).
Comparative analysis of the pattern of selection acting on coevolving residues
In order to further support the inference of structure-function relationships from our co-evolution analysis on the svPLA2s family we have analyzed the pattern of selection acting on the Viperidae and Elapidae lineages. Using a very strict statistical criterion (posterior probabilities > 0.99), we found 15 and 26 residues under positive selection and 33 and 19 residues under negative selection for the Viperidae and Elapidae subfamilies, respectively. A summary of the results are shown on Fig. 7 where the residue positions encoded by codons under positive or negative selection were mapped on the three-dimensional structures of a prototypic PLA 2 molecule. A Table comparing all sites under natural selection with conserved positions and co-evolving residues from all 3 sets of correlated sets present in this work along with their solvent accessibilities can be found in the supplementary material online.
One might expect that the functional and structural residues that exhibit concerted co-evolution may be subject to the same pattern of selection. Pharmacological sites are often associated with positively selected residues exhibiting surface-exposed side chains, whereas invariant structural residues are often negatively selected. Our results are in general agreement with these expectations validating the structure-activity relationship knowledge obtained by our co-evolution analysis. For instance, most residues under negative selection co-locate with conserved residues buried inside the PLA 2 structure, especially around the Ca 2þ binding site, which has a structural role for the stability of the protein fold in this family.
There is a better agreement between residues from Viperidae and Elapidae PLA 2 s under negative selection than under positive selection. This is also expected given the high degree of conservation exhibited by residues encoded by codons under negative selection. Conversely, residues under positive selection are related to Column all reports the frequency of a given residue for all sequences in the final alignment, while the remaining columns refers to the same frequency upon the presence of the residue on the top (e.g., lysines are present in 9.5% of the sequences for the complete alignment, but in 15.3% of the sequences presenting a leucine in position 5). the fixation of new functional roles and are consequently less conserved.
Key residues and phylogeny
A phylogenetic tree of PLA 2 sequences is shown in Fig. 8 . There is a correlation between the presence of residues in the coevolved sets found in this analysis and the clade localization. The sequences from the red colored branch of the tree, mostly from mammals, are highly adherent to the first coevolved set (with only four exceptions, they present all residues in this set), none presents the residues in the third set, and prevalence from the second set is mixed. The branch shown in blue also consists mostly in mammal sequences, with mixed residue prevalence for the first (Gly32, Asp49 and Tyr111 are always absent, Cys44, Cys105 and His48 are always present) and second sets (Ala102 is usually present, Phe106 is always absent), while all of them presents the cysteine pair in the third set. The branch in pink correspond to sequences found mostly in the starlet sea anemone (Nematostella vectensis), and they present virtually all residues in the first set (Tyr111 can be substituted by a physicochemical similar phenylalanine), all from the second set while only A7S6G1 presents the cysteine pair in the third set.
The green branch groups Elapidae sequences which, for virtually all cases, present the residues in all three sets. Conversely, those for the Viperidae family, shown in the yellow branch, do not present the cysteine pair from the third set, many of them presenting instead a pair of opposite charged residues for b-wing stabilization.
The position of the positively and negatively charged residue is interchangeable: Q6A373 from the Western sand viper, for example, have an aspartate in position 11 and an arginine in position 77, while A8E2V6 from B. godmani has a lysine in position 11 and an arginine in position 77. In some cases there is a glutamine paired to the positively charged residue, which is also possible in both positions (e.g. P18998 from the Mojave rattlesnake and A7X4P4 from the Fea's viper).
Sequences in grey are all from Oikopleura dioica, a small species of marine tunicate with ample geographic distribution, and, remarkably, they present virtually none of the residues in any of the coevolved sets.
The O. dioica genome is an extreme example of new proteome content being generated by gene duplication, and this is particularly noticeable for PLA 2 s: there is no less than 179 protein sequences annotated as PLA 2 s in the present version of Uniprot. Most of these proteins do not adhere to any of the correlated residue sets found and lacking some of the overall highly conserved PLA 2 residues, which would suggest a modified disulfide pattern and the loss of the calcium binding loop. These proteins are not close variants: the identities among the phospholipase domain in those sequences can be lower than 20% in many cases, meaning that this clade showed a large expansion of this family, but with some sequence patterns, not related to usual phospholipase function, being conserved.
Aberrant proteins derived from multiple duplications followed by divergence are a phenomenon that can leave noticeable patterns in the correlation between residues (Lima Afonso et al., 2013). One of the features observed among the aberrant PLA 2 s was the Lys49-Glu69 correlation, but it is still possible that determinants for a novel function are hidden due to the sampling related limitations of the methodology used for this study, if these proteins are indeed expressed and functional. Ambrosio and co-workers (Ambrosio et al., 2005) have shown that not only such lysine residue could occupy (with its ε amino group) the position normally occupied by calcium in active PLA 2 s (as first observed by Holland et al. (1990) ), but it could actually present different conformations according to crystal form. Our molecular dynamics simulations suggest that a Lys49-Glu69 configuration can result in a novel conformation where the binding cavity collapses due to the approximation of two loops caused by a strong salt bridge between Glu69 and Arg34.
Conclusions
Our analysis provided an annotated description of the relevant residues in PLA 2 s, as revealed by conservation and correlation analysis. Given the vast literature on this protein family, the importance of many of such residues could be readily identified. The most conserved residues in the family are directly or indirectly involved in substrate binding and catalysis, in the calcium binding loop or in disulfide bridges. Three sets of correlated residues were also found: one set groups residues which are close to the binding site, including one of the catalytic residues. The second set is the "hydrophobic triad" Phe5/Ala102/Phe106, while the third one is the disulfide bridge Cys11-Cys77. The previously described alternative to the hydrophobic triad (Leu5/Val102/Leu106) was found to be poorly correlated and not very strongly related to Lys49 PLA 2 s. While Asp49 is present in the first set of correlated residues, other options for the 49 positions do not strongly coevolve with other positions, with only moderate (~60%) resulting frequencies (Lys49 increasing the frequency of glutamates in position 69, Arg49 increasing the frequencies of Val6, Arg30 and I103). An independent validation of the inference of structure-function relationships from our co-evolution analysis on the svPLA2s family was obtained by the analysis of the pattern of selection acting on the Viperidae and Elapidae lineages.
When analyzed in the context of a PLA 2 phylogenetic tree, the adherence of specific branches to different residue sets highlighted class-specific features and the presence of a divergent group of phospholipase homologs in the tunicate O. dioica. This species harbors Lys49/Glu69 phospholipase homologs, which may present a drastic conformation change leading to occlusion of the binding site due to a salt bridge. This, and the fact that this species present a high number of phospholipase homologs with sequence incompatible with catalytic activity, could suggest alternative functions for such proteins in this species, making O. dioica PLA 2 homologs interesting targets for characterization studies.
Taken together, our results serve as a guide of the structurally and functionally relevant residues in this protein family, while also indicating that there are still open questions and potentially novel findings in a research area whose origin dates back to the early 20th century.
